Sleeper LA, Colan SD, Pediatric Heart Network Investigators. Systolic-diastolic functional coupling in healthy children and in those with dilated cardiomyopathy. J Appl Physiol 120: 1301-1318, 2016. First published March 3, 2016 doi:10.1152/japplphysiol.00635.2015.-Systolic and diastolic function affect dilated cardiomyopathy (DCM) outcomes. However, systolic-diastolic coupling, as a distinct characteristic, may itself affect function but is poorly characterized. We hypothesized that echocardiographic left ventricular (LV) longitudinal systolic tissue velocities (S') correlate with diastolic longitudinal velocities (E') and that their relationship is associated with ventricular function and that this relationship is impaired in pediatric DCM. We analyzed data from the Pediatric Heart Network Ventricular Volume Variability study, using linear regression and generalized additive modeling to assess relationships between S' and E' at the lateral and septal mitral annulus. We explored relationships between the systolic:diastolic (S:D) coupling ratio (S':E' relative to age) and ventricular function. Up to 4 echocardiograms from 130 DCM patients (mean age: 9.3 Ϯ 6.1 yr) and 1 echocardiogram from each of 591 healthy controls were analyzed. S' and E' were linearly related in controls (r ϭ 0.64, P Ͻ 0.001) and DCM (r ϭ 0.83, P Ͻ 0.001). In DCM, the magnitude of association between S' and E' was reduced with progressive ventricular remodeling. The S:D ratio was more strongly associated with LV function in controls vs. DCM. The septal S:D ratio was higher (presumed worse) in DCM vs. controls (0.69 Ϯ 0.13 vs. 0.62 Ϯ 0.12, P ϭ 0.001). A higher septal S:D ratio was associated with worse LV dimensions (parameter estimate: 0.0061, P ϭ 0.004), mass (parameter estimate: 0.0074, P ϭ 0.002), ejection fraction (parameter estimate: Ϫ0.0303, P ϭ 0.024), and inflow propagation (parameter estimate: Ϫ0.3538, P Ͻ .001). S:D coupling becomes weaker in DCM with LV remodeling and dysfunction. The S:D coupling ratio may be useful to assess coupling, warranting study in relation to patient outcomes.
Systolic and diastolic function affect dilated cardiomyopathy (DCM) outcomes. However, systolic:diastolic (S:D) coupling, as a distinct characteristic, may itself affect function but is poorly characterized. Using tissue Doppler echocardiography, we found that S:D coupling becomes weaker in DCM with left ventricular remodeling and dysfunction and that the S:D coupling ratio may be useful to assess coupling, warranting study in relation to patient outcomes.
BOTH SYSTOLIC AND DIASTOLIC dysfunctions are present in dilated cardiomyopathy (DCM) and both contribute to morbidity and mortality in this condition (28) . In clinical practice, systolic and diastolic functions are traditionally considered as two separate and distinct phases. However, the systolic and diastolic behaviors of the left ventricle (LV) are physiologically linked through several mechanisms. Diastolic influence on systole (diastolic ¡ systolic coupling) is the most familiar and is mediated through the Frank-Starling and other mechanisms enhance systolic contraction. Systolic influence on diastole (systolic ¡ diastolic coupling) is mediated through enhancement of early diastolic filling by myocardial elastic recoil in early diastole (24, 25) .
Although in normal hearts reciprocal coupling between systole and diastole enhances cardiac performance (37) , experimental data have yielded conflicting results on whether the Frank-Starling mechanism is disrupted in DCM (17, 34, 35) . The profound impairment of ventricular molecular and myocardial systolic and diastolic properties that is characteristic of DCM may disrupt diastolic ¡ systolic coupling through reduced preload reserve and impair systolic ¡ diastolic coupling secondary to the diminished end-systolic deformation that is associated with reduced fiber shortening. Therefore, assessment of systolic and diastolic function, and of the coupling between them, the subject of this study, is of interest. Defining abnormal linking between systolic and diastolic function as a distinct entity may itself hold important information regarding patient cardiac status and potentially regarding clinical outcomes beyond evaluation of systolic and diastolic function alone. While several papers demonstrate that systolic and diastolic function are linked (24, 25, 37) , systolic-diastolic (S:D) coupling as distinct functional entities has not been systematically evaluated in either adult or pediatric DCM, and although theoretically predicted, it remains unknown whether impaired coupling is associated with cardiac dysfunction. Moreover, S:D coupling is not routinely investigated or accounted for clinically and to date there is no accepted method for assessing S:D coupling in clinical practice. Gold standard methods for assessing systolic and diastolic function in this population include measures of contractility such as endsystolic elastance and ventricular filling pressures, respectively. However, these necessitate invasive catheterization and even then end-systolic elastance is not routinely measured. Echocardiography is commonly used to assess cardiac function in DCM and tissue Doppler imaging can provide measures of systolic and diastolic function in the same cardiac sample. Although twist-untwist is a key mechanism linking systolic and diastolic function (7) , assessment of twist-untwist is relatively cumbersome by two-dimensional echocardiography. A more simple and practical approach, and presumably more feasible in clinical practice, is to study the longitudinal vector of the overall twist-untwist action of the LV, readily achievable using tissue Doppler echocardiography.
Using tissue Doppler echocardiography to assess systolic and diastolic longitudinal function and their coupling, we previously found that mitral annular systolic longitudinal velocities correlate linearly with diastolic velocities in healthy children and in those with hypertrophic or DCM (22) . This relationship varied between the groups, implying that S:D coupling may be differentially affected by the specific disease (22) . We also found that the ratio of peak systolic (S') to peak early diastolic (E') longitudinal myocardial velocities (ϭS'/ E'), a putative index of S:D coupling, correlated with mitral inflow deceleration time (22) . As there is no currently accepted index of S:D coupling used in clinical routine, a direct ratio between indexes of systolic and diastolic function may be useful. As correlations between systolic and diastolic velocities cannot be used to assess S:D coupling in the individual patient (as correlations cannot be derived from a single measurement in one individual), the S:D coupling ratio z-score (defined as the z-score relative to age of the ratio of peak S' divided by peak E') may be a potential clinically applicable parameter to indicate S:D coupling (22) . This ratio is based on the following concept: if S:D coupling is reduced, and the energy built up in systole is not fully transferred into diastole, we would expect less diastolic response for a given systolic velocity and thus a higher S:D coupling ratio. However, our initial single-center study was limited by its relatively small size and its retrospective nature. The aim of the current exploratory study was to utilize a large, multicenter, prospectively collected, relatively homogenous cohort of children with DCM, analyzed in a core echocardiographic laboratory, to: 1) investigate the relation of systolic to diastolic tissue velocities as an indicator of S:D coupling; 2) investigate the relation of S:D coupling to parameters of ventricular size and function in pediatric DCM; and 3) compare these results with normal controls. We hypothesized that LV longitudinal systolic velocities are normally highly correlated with diastolic longitudinal velocities, that their relationship is related to ventricular size and function, and that S:D coupling is impaired in DCM compared with healthy controls.
METHODS
This study was a subanalysis of the Pediatric Heart Network Ventricular Volume Variability (VVV) database, which aimed to determine the interstudy variability of echocardiographically derived LV measurements in pediatric DCM patients and the variance of change in z-score on serial follow-up (5). The z-scores reflect the number of SDs from the parameter mean for a particular population or age group relative to the distribution in a normal population, thereby allowing comparison of values for children over the pediatric age range by adjusting for the effects of age and body size. The z-score for the mean of a normal population distribution is 0, and the normal range is typically defined as Ϫ2 to ϩ2 SD. In brief, children or young adults age Ͻ22 yr with known or suspected DCM disease duration Ͼ2 mo, anticipated longitudinal follow-up to occur at the same institution, and informed consent were prospectively enrolled at eight centers between the years 2005 and 2007 (5). Echocardiographic eligibility criteria included LV dilation [end-diastolic dimension (EDD) Ͼ5.5 cm or z-score Ͼ2] and LV dysfunction [ejection fraction (EF) Ͻ50%, shortening fraction Ͻ28%, or z-score for either ϾϪ2]. Exclusion criteria included other forms of cardiomyopathy, noncompaction, congenital heart disease, nonsinus rhythm, and hemodynamic instability (5). Repeat echocardiographic assessment was performed on return visits up to 18 mo following enrollment. The mean time between the first and follow-up echocardiogram (performed closest to a 12-mo follow-up target) was 9.1 Ϯ 3.5 (median 9.6, range 2 to 18) mo. In some patients a third, and in two cases a fourth, follow-up echocardiogram was available and included in the analysis.(5)
Normal Data
As the VVV study did not include a normal control cohort, we used z-scores derived from a large database of normal controls collected at a single center (Boston Children's Hospital) as a reference for the S:D coupling ratio and to explore associations between S:D coupling and ventricular function (3) . The characteristics of this normal population and z-score methodologies have been previously described (3, 4) . In brief, subjects were either normal volunteers or were referred for screening for conditions such as murmur, mitral valve prolapse, or bicuspid aortic valve. These subjects had normal echocardiograms, no history of disease, normal height, weight, and blood pressure for age. In normal controls, the echocardiogram was obtained at a single visit. Pulsed tissue velocities were prospectively acquired at the mitral lateral and septal annuli, as described for the DCM cohort. Peak S' and E' were measured in the same core laboratory that measured echo parameters for the VVV study. For the current analysis, we used existing measurements from the core laboratory database.
Echocardiography
Echocardiographic methodologies have been previously detailed and were performed according to recently published pediatric guidelines (5, 19) . The current analysis used LV volumes and mass calculated using the (5/6) ϫ area ϫ length method and dimensions from two-dimensional echocardiography as the (5/6) ϫ area ϫ length method had better reproducibility than other methods in recent pediatric studies (19, 21) . LV mass was expressed as a z-score. Wall stress was derived from the Laplace equation, provided by the ultrasound software, using the blood pressure, LV dimension, and wall thickness. Pulsed tissue Doppler (TDI) measurements were acquired from the apical four-chamber view at the mitral lateral and septal annulus and the peak systolic (S'), early diastolic (E'), and late diastolic (A') TDI velocities recorded. When TDI E' and A' waves were fused, the "summation" wave was taken as the peak diastolic wave. Peak velocities were averaged over three beats. For the current study, echocardiographic data from the primary image acquisition obtained at each time point, averaged across three beats using the core laboratory primary reader's interpretation from the VVV database, were used.
Assessing Relationships Between Systolic and Diastolic Velocities
Relationships between systolic and diastolic function were explored by assessing correlations between S' and E' at the lateral and septal mitral annulus.
S:D Coupling Ratio
Expressing the S:D coupling ratio as a z-score allowed for investigation of its association with parameters of ventricular size, remodeling, and function, which are related to age. The S:D coupling ratio was calculated at the lateral mitral annulus and the septal annulus, as the average of three successive beats.
Statistical Analysis
Descriptive statistics include the median with interquartile range for skewed variables, mean Ϯ SD for other continuous variables, and frequency with percentage for categorical variables. Peak systolic and peak early diastolic velocity and S:D coupling index z-score were compared by t-test or Wilcoxon rank sum test as appropriate to assess differences between the two cohorts. The within-subject correlation coefficient (the proportion of variation in systolic velocity explained by diastolic velocity after removing the variation due to measurement on different subjects) was calculated to assess whether the increase in Peak systolic velocity, cm/s Peak early diastolic velocity at septal AVV annulus,cm/s Fig. 1 . Relationship between the tissue Doppler peak early diastolic velocity E' (y-axis) and the peak systolic velocity S' (x-axis) at the lateral mitral (top) and septal (bottom) annulus in normal controls. A 1-unit increase in systolic velocity was associated with a 0.96 unit increase in diastolic velocities at the lateral mitral annulus (r ϭ 0.58; P Ͻ 0.001) and a 1.32 unit increase (r ϭ 0.64, P Ͻ 0.001) in diastolic velocities at the septal annulus. Nonlinearity P Ͻ 0.001. AVV, atrioventricular valve.
Systolic-Diastolic Coupling in Children • Friedberg MK et al. systolic velocity over time is associated with diastolic velocity within the same individual. Between-subject correlation was calculated by using a weighted average of the number of repeated measurements available for each subject (33) . Linear regression with a random effect for subject and a compound symmetry covariance structure to account for correlation among repeated measures and a fixed continuous time effect denoting time since the baseline echo was used to model the serial measures of S:D coupling index to identify the impact of LV size and function on the S:D coupling index. Linear regression, piecewise linear regression, and generalized additive modeling (GAM) were used to assess the association between systolic and diastolic velocities. Tests of interaction were used to assess the impact of LV size and function on the strength of association between systolic and diastolic velocities. LV size and function measures (e.g., LV EDD z-score) were categorized using quartiles to report estimated slopes by magnitude of LV size and function. In testing associations, S' and E' were sometimes placed on the "dependent" (y-axis) and sometimes the "independent" variable (x-axis). In reality, systole and diastole are reciprocally linked both being dependent on one another. Linear regression was also used to identify the impact of LV size and function on the S:D coupling index. As an absolute LV EDD Ͼ5.5 cm was an inclusion criterion (and may correspond to a z-score of Ͻ2 in some patients), and as regression analyses included data from all visits, with some patients improving LV dimensions over time, data with LV EDD z-score Ͻ2 are included. The number and type of significant findings from the two cohorts were compared to assess whether S:D coupling is weaker in DCM subjects relative to normal controls. All analyses were conducted using SAS version 9.2 (Statistical Analysis System, Cary, NC) and R version 2.13.0. The study was approved by the institutional review committees at each institution. Subjects gave informed consent.
RESULTS
The current study included 130 fully eligible patients for the VVV study, 130 of whom had baseline echocardiography, at a mean age of 9.3 Ϯ 6.1 yr (5). Of these, 23 patients had echocardiography only at baseline, 70 had one follow-up echocardiogram at a mean interval of 7.1 Ϯ 3.5 mo, 28 had 2 follow-up echocardiograms at a mean interval of 10.9 Ϯ 3.1 mo, 7 had 3 follow-up echocardiograms at a mean interval of 11.3 Ϯ 2.5 mo, and 2 had 4 follow-up echocardiograms. Patient characteristics are presented in Table 1 . The majority of subjects had known or suspected idiopathic or familial DCM and were in New York Heart Association or Ross classification class 1 or 2. TDI velocities and the S:D ratio are summarized in Table 2 . At baseline, diastolic summation waves were present in 19 (14.6%) patients.
Normal controls included 591 subjects (283 females 
Relationship Between Systolic and Diastolic Velocities in Normal Controls
Diastolic and systolic velocities were positively correlated at the lateral mitral and septal annuli. A one-unit increase in systolic velocity was associated with a 0.96 unit increase in diastolic velocities at the lateral mitral annulus (r ϭ 0.58; P Ͻ 0.001) and a 1.32 unit increase (r ϭ 0.64, P Ͻ 0.001) in diastolic velocities at the septal annulus. However, at both locations, a nonlinear relationship between these variables was present (GAM P Ͻ0.001 for both) with little association at high velocities, i.e., ϳ10 cm/s or higher (Fig. 1 ). Results were unchanged when controls younger than age 2 mo were excluded to have the normal cohort more closely resemble the DCM cohort.
Relationship Between Systolic and Diastolic Velocities in DCM Patients
Relationships between systolic and diastolic velocities in the DCM cohort are presented in Fig. 2 . Moderate correlations between systolic and diastolic tissue velocities were observed at the lateral mitral annulus ( Fig. 2A) . This relationship was relatively constant over the duration of follow-up. The rela- tionship between systolic and diastolic velocities was highest at the septal annulus (r ϭ 0.83, 0.76, 0.66, and 0.80 at baseline through third follow-up visit, respectively; P Ͻ 0.001 for all; Fig. 2B ).
Within-subject correlation analysis showed that an increase in the lateral mitral annulus peak systolic velocity was associated with an increase in peak early diastolic velocity (r ϭ 0.52, P Ͻ 0.001). Between-subject correlation coefficient analysis showed that higher S' values correlated with higher E' velocities (r ϭ 0.71, P Ͻ 0.001). Similarly, within-subject Pearson's correlation for the septal annulus was r ϭ 0.62 and betweensubjects correlation was r ϭ 0.80 (P Ͻ 0.001 for both). Nonlinear modeling did not reveal stronger associations between the two parameters.
Impact of LV Size and Function on Systolic-Diastolic Coupling
To examine whether LV size and function impact the association between longitudinal systolic-diastolic coupling, an interaction term was included in the mixed effects regression model. This term assesses if the association between diastolic and systolic velocities is stronger at higher or lower levels of ventricular function. We found that both EDD and end-systolic dimension (ESD) impacted the relationship between peak early systolic and diastolic velocities at the lateral mitral annulus (interaction P ϭ 0.016 and 0.049, respectively). Patients with larger LV EDD had weaker correlations between systolic and diastolic velocities with the slope decreasing by 0.03 for every one-unit increase in peak early diastolic velocity (interaction P ϭ 0.006; Fig.  3A ). The slope estimates of peak S' vs. peak E' varied by size of the LV EDD z-score: a one-unit increase in E' was associated with a 0.37 unit increase in peak systolic velocity when the LV EDD z-score was 1.87 (25th percentile), 0.33 when LV EDD z-score was 3.19 (median), and 0.28 when the LV EDD z-score was 4.96 (75th percentile). Similarly, among patients with an average ESD z-score in the top quartile (Ͼ75th percentile), overall S:D coupling was weaker (but still positive) compared with patients with average LV ESD z-score in the lowest quartile (Ͻ25th percentile; Fig. 3B ). There was no interaction with LV EF (P ϭ 0.77) or with raw LV mass (P ϭ 0.39) or mass-tovolume ratio (P ϭ 0.11).
Effect of Myocardial Shortening and Wall Stress
We identified a significant interaction (P ϭ 0.027) between E' and velocity of fiber shortening z-score at the lateral mitral annulus. The association between systolic and diastolic velocities strengthens as velocity of fiber shortening z-score increases (increase in slope for peak S' vs. E' of 0.011 per one-unit increase fiber shortening velocity z-score).
We also identified a significant interaction (P ϭ 0.027) between E' and end-systolic fiber stress z-score. That is, the prediction of systolic velocity by diastolic velocity gets weaker as end-systolic fiber stress z-score increases (slope for peak S' vs. E' decreases by 0.02 per each one-unit increase in endsystolic fiber stress z-score). However, as the velocity of fiber shortening itself depends on end-systolic wall stress, which in turn is influenced by ESD, we examined the two significant interactions after adjusting for ESD z-score. After adjustment, the interaction between E' and fiber shortening velocity z-score becomes nonsignificant (P ϭ 0.90). Similarly, after adjustment for ESD z-score, the interaction between E' and end-systolic fiber stress z-score also becomes nonsignificant (P ϭ 0.99). Thus the dependence of coupling magnitudes for both velocity of shortening and end-systolic stress is influenced predominantly by underlying LV systolic size.
Systolic-Diastolic Relationships Expressed as a SystolicDiastolic Coupling Ratio: Normal Controls
In healthy controls the S:D coupling ratio was (mean Ϯ SD) 0.58 Ϯ 0.14 at the mitral lateral annulus (n ϭ 591) and 0.62 Ϯ 0.12 at the septal annulus (n ϭ 590).
Relationships between the S:D coupling ratio and functional parameters in normal controls. MITRAL LATERAL ANNULUS. The results from all tested associations are presented in the APPEN-DIX (see Table A1 ). Linear associations between the mitral lateral S:D coupling ratio and other functional indexes with P Ͻ 0.1 in normal controls are summarized in Table 3 . A higher S:D ratio z-score was associated with: older age at echocardiography, male gender, higher systolic blood pressure, larger ventricular dimensions and mass, smaller sphericity index, higher velocity of fiber shortening, and lower peak early diastolic velocity.
Septal annulus. Linear associations between the septal S:D coupling ratio and other functional indices with P Ͻ 0.1 in normal controls are summarized in Table 4 . The results from all tested associations are presented in the APPENDIX (see Table  A2 ). A higher S:D ratio z-score at the septal annulus in healthy children was associated with: older age at echocardiography, male gender, higher systolic blood pressure, larger ventricular dimensions and mass, smaller sphericity index, and smaller peak early diastolic velocity.
Systolic-Diastolic Coupling Ratio in DCM Patients
In comparison to normal controls, at the baseline visit DCM patients had a similar S:D coupling ratio at the lateral mitral annulus (0.58 Ϯ 0.14 vs. 0.54 Ϯ 0.19, P ϭ 0.11) and higher S:D coupling ratio at the septal annulus (0.69 Ϯ 0.13 vs. 0.62 Ϯ 0.12, P ϭ 0.001). At the lateral mitral annulus, the mean S:D coupling ratio z-score of DCM patients (Ϫ0.20 Ϯ 1.33) was not different from the normal mean of 0, while at the septal annulus the S:D coupling ratio z-score of DCM was significantly higher than the normal mean (0.87 Ϯ 1.40 vs. 0.00 Ϯ 1.06, P Ͻ 0.0001) ( Table 2) . n Is the total number of observations, not subjects. S:D, systolic and diastolic ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; BSA, body surface area; EDV, end-diastolic volume; ESV, end systolic volume; MV, mass-to-volume ratio; VCFc, velocity of fiber shortening. *Slope for continuous predictors and mean group difference for categorical predictors.
Association of the S:D coupling ratio with other functional indexes in DCM. LATERAL MITRAL ANNULUS
. The results from all tested associations are presented in the APPENDIX (see Table  A3 ). Linear associations between the S:D coupling ratio and other functional indexes in DCM patients at the baseline visit with a P Ͻ 0.1 are shown in Table 5 . LV EF, age, gender, and blood pressure did not affect the statistical association between S' and E' at the lateral mitral annulus. The S:D coupling ratio at the mitral lateral annulus was positively associated with diastolic blood pressure. LV EDD was positively related to the S:D ratio raw score, while LV mass z-score was positively related to the S:D ratio raw score and z-score. LV flow propagation velocity was negatively associated with S:D ratio raw score and z-score.
To further assess these relationships and to incorporate data from serial visits we used a mixed-effects model with piecewise linear terms for the covariate to investigate if the slopes were different before and after the cut-point suggested by the data. Results with P Ͻ 0.1 are presented in Table 6 . Full results are presented in the APPENDIX. We found that LV mass z-score is significantly associated with S:D ratio z-score when mass z-score is Ն5, but the slope is not different from zero when LV mass z-score is Ͻ5. Other variables were not significantly associated with S:D ratio z-score at the mitral lateral annulus.
Since scatter plots between the S:D coupling ratio and predictor variables were curvilinear, a quadratic model was also applied to the data. EDD z-score, ESD z-score, ventricular mass z-score, and velocity of fiber shortening z-score showed a significant quadratic relation with the S:D coupling ratio (see Fig. A1 ). With regard to LV size (EDD z-score and ESD z-score), the model indicated that S:D coupling ratio does not change with LV size until the dimension z-score exceeds ϳ5 SD.
SEPTAL ANNULUS. Interactions between the S:D coupling ratio and other functional predictors were stronger at the septal than at the lateral mitral annulus. Linear relationships for the baseline visit with P Ͻ 0.1 are shown in Table 7 and a mixedeffects model with piecewise linear terms for the covariate incorporating data from all visits are shown in Table 8 . The results from all tested associations are presented in the APPENDIX (see Tables A5 and A6) . A higher S:D ratio raw score at the septal annulus was associated with larger ventricular dimensions and mass, lower shortening fraction, lower ejection fraction, lower LV flow propagation velocity, shorter duration of flow reversal during atrial systole, and higher heart rate. A piecewise linear model showed that the peak A-wave velocity-for-age z score is significantly associated with septal S:D ratio z-score when peak A-wave velocity z-score is above ՆϪ0.5 (slope ϭ 0.31, P ϭ 0.018). Likewise, the E/A ratio for age z-score was negatively associated with septal S:D ratio z-score when E/A for age z-score was below 0.5 (slope ϭ Ϫ0.55, P ϭ 0.007), but the relationship was not significant when E/A for age z-score is Ն0.5.
Since scatter plots between the S:D coupling ratio and A and E/A ratio were curvilinear, a quadratic model was also applied to the data, with both demonstrating a significant quadratic term.
Comparison of Associations Between S:D Coupling Ratio and Other Parameters of LV Function in DCM vs. Healthy Controls
There were a similar number of associations between the S:D coupling ratio and LV size and function in the DCM patient dataset compared with normal controls for the septal annulus (see Table A7 ). In both groups, the nonlinear analyses of the component and ratio measures suggest that there is less coupling at the extremes of velocities (lowest values in the DCM patients and highest values in healthy controls).
DISCUSSION
Systolic function contributes to diastolic filling, which in turn influences subsequent systolic contraction through the Frank-Starling effect, even though the coupling between them is not routinely assessed. However, in the presence of myocardial dysfunction, S:D coupling may itself be impaired.
In this exploratory study of a relatively new concept (Fig. 4) , we used tissue velocities to investigate the association between systolic and diastolic function in a large group of prospectively collected DCM patients and compared results to a large group of normal controls. The major findings of our study are that:
1) Systolic and diastolic tissue velocities are positively related.
2) Based on results at the septal annulus, this relationship is impaired in children with DCM compared with that in normal controls.
3) The magnitude of the S:D coupling ratio, a putative index of systolic-diastolic coupling, is related to LV size and global systolic function.
4) Assessment of tissue velocities at the septal annulus appears to be more useful than the lateral annulus when assessing systolic-diastolic coupling.
Relationships Between Systolic and Diastolic Velocities in Normal Children
LV restoring forces, lengthening load, and myocardial relaxation are independent determinants of E' (26). In turn, tension produced in systole, through myocardial contraction and torsion, influences both lengthening load and restoring forces (15) .
The relationship between systolic contraction and diastolic filling is through recoil and suction forces (11) . The central role of ventricular end-systolic volume in determining coupling is associated with the mechanical action of the heart where release of energy built up in systole creates the early diastolic restoring forces and suction that contribute to rapid early diastolic filling (30) . This component of S:D coupling is particularly important in augmenting cardiac output during exercise (11, 24, 31, 32, 36) . In disease, the loss of S:D coupling may be particularly detrimental, as the mitral inflow propagation velocity, which reflects in part early diastolic suction, is independently linked to mortality in the same DCM population we studied (23) . Likewise, diastole impacts systolic function, primarily through the preload effect of end-diastolic fiber length. Among the factors that determine end-diastolic fiber length, a higher ventricular mass:volume ratio is associated with decreased coupling (higher S:D coupling ratio) (9, 20, 22, 29, 37) .
Association Between Systolic and Diastolic Function in Children with DCM
As we previously found in a smaller study (22) , systolic and diastolic velocities were related to each other and associated with functional parameters in children with DCM, but coupling was reduced, as reflected by a higher S:D coupling ratio, in DCM patients. As depicted in Fig. 4 , lower coupling would lead to a lower E' for a given S' and therefore a higher S:D coupling ratio. The reduction in S:D coupling in DCM patients is likely multifactorial, stemming from both systolic and diastolic dysfunction and from the impaired coupling itself, as suggested by our data. Among the parameters we investigated, LV remodeling is a key candidate to explain decreased coupling, as detailed previously for healthy controls. Our current results indicate that with increasing LV EDD there was a decrease in the strength of S:D coupling. Indeed, studies in patients at the time of cardiopulmonary bypass have shown that improvements in LV function correlate with improvements in LV relaxation and end-systolic volume and are associated with increased early diastolic intraventricular pressure gradients, consistent with improved LV suction and elastic recoil (12) . It is also possible that impaired coupling worsens or contributes to LV remodeling and the S:D ratio may in this case be an early marker for LV remodeling in DCM. This requires further investigation. In addition, impaired torsion (6, 27) , diastolic dysfunction in various forms (14) , and mechanical dyssynchrony (13, 14) may contribute to reduced coupling in DCM patients. n Is the total number of observations, not subjects. *Slope for continuous predictors and mean group difference for categorical predictors. Based on literature, factors such as the protein titin act as a spring to couple systolic and diastolic function. When the spring's recoil characteristics are intact, depicted as the tightly coiled spring on the left, the ratio between systolic and diastolic velocities (depicted by up and down arrows) is preserved indicating normal systolic-diastolic coupling. In this circumstance, diastolic velocities are relatively close to systolic velocities and consequently the ratio between them (S'/E'; systolic: diastolic coupling index) relatively low. In dilated cardiomyopathy (right), the heart remodels, becomes dysfunctional and with a putative loss of the spring's recoil characteristics (represented by the "stretched" spring on the right). Thus, although S' is lower due to systolic dysfunction, the diastolic coupling is itself impaired resulting in a lower E' for a given S'. This leads to progressive loss of systolic-diastolic coupling and an increasing S'/E' ratio.
The molecular mediator of S:D coupling is thought to be titin (16) . This protein acts as a spring that develops potential energy during systole that is released in early diastole. At the same time, titin protects against excessive sarcomere elongation in late diastole, helping to maintain ventricular dimensions and promote optimal coupling. While our results suggest an important role of LV remodeling in disruption of S:D coupling in DCM patients, the molecular mechanism may be alterations in the titin protein, including shift in isoforms and genetic mutations, among others (2, 18) . This requires further study.
Our data suggest that the S:D ratio assessment at the septal annulus may be more useful as an indicator of S:D coupling than the lateral mitral annulus. Likewise, S:D coupling at the septal rather than lateral mitral annulus was more strongly associated with other LV functional parameters. This result was somewhat surprising in that we expected velocities at the lateral mitral annulus to be more strongly associated to LV parameters because the lateral annulus in contrast to the septum is exclusively a LV structure. While the explanation for this result is not obvious, we postulate that septal velocities reflect a combination of right ventricle and LV function and perhaps are more indicative of the sum of RV and LV coupling or perhaps reflect a component of ventricular-ventricular interactions that may be important in DCM (10) . Interestingly, lower septal peak systolic TDI velocity z-score and not lateral peak systolic TDI velocity z-score was recently found to be an independent predictor of disease progression in this population (23) . Varying activation such as in bundle branch block and other regional wall motion abnormalities may also affect septal vs. lateral velocities.
Clinical Implications
Various echocardiographic parameters have been proposed as associated with outcomes in pediatric DCM. Among these, LV size is important and our results suggest that this may in part be due to loss of S:D coupling (1, 23) . Therefore, the S:D coupling ratio warrants further study in relation to clinical outcomes such as brain natriuretic peptide levels and exercise capacity. As diastolic dysfunction is challenging to assess in pediatric DCM (8) , this ratio may potentially differentiate between "intrinsic" myocardial diastolic abnormalities and those "secondary" to systolic dysfunction. Treatment of systolic dysfunction would presumably help improve the latter. As this exploratory study did not investigate these concepts, these remain purely conjectures worthy of further study. In this context, it would be interesting to study the relationship in adults with diastolic dysfunction with preserved ejection fraction, an uncommon entity in children (31) . Perhaps most importantly, the prognostic value of S:D coupling in clinical practice in the pediatric DCM population requires further study.
Limitations
We did not study the clinical implications of S:D coupling and how its assessment may contribute to functional assessment in general or to prognostication, independent of systolic or diastolic functional assessment alone. Myocardial tissue velocities are segmental in nature and thus velocities sampled at any given point may not reflect the global association between systolic and diastolic function. Radial and rotational motions may also affect systolic-diastolic coupling but were not studied and the S':E' ratio accounts only for longitudinal motion. Likewise, this ratio only assesses early diastole and late diastolic function is not assessed. Tissue velocities are influenced by translational motion that does not reflect S:D coupling. As disease severity increases, tissue Doppler velocities may be harder to measure, with more variability in measurements, which may affect assessment of coupling. Nonetheless, in the VVV study tissue Doppler had acceptable reproducibility in the very same population (5). We did not account for the effect of medications on S:D coupling. In this regard, ␤-blockers may affect heart rate and thus S:D coupling. Rotational mechanics were not available in the database, and twist-untwist and particularly the rate of twist-untwist may provide a more physiological and/or comprehensive reflection of S:D coupling. Nonetheless, tissue velocities are simpler to obtain and potentially more applicable in routine practice.
Conclusion
In conclusion, systolic and diastolic tissue velocities are positively correlated, reflecting S:D functional coupling. S:D coupling is related to multiple indices of LV size and function but is weaker in DCM as reflected by higher S:D ratios vs. controls, fewer associations between the S:D ratio and parameters of ventricular function and weaker associations between S' and E' with LV remodeling. The S:D coupling ratio, especially when measured at the septal annulus, may be a useful index of coupling performance and warrants further study in relation to outcomes and patient management in children with DCM. Figure A1 depicts the systolic:diastolic (S:D) ratio z-score at the lateral mitral annulus vs. parameters of LV size and function. Tables  A1, A2 , A3, A4, A5, and A6 provide univariate regressions between the S:D ratio z-score and parameters of ventricular function. Table A7 provides the model significance for the S:D ratio at the lateral mitral and septal annulus.
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